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8 Summary Tables of Particle Properties

SUMMARY TABLES OF PARTICLE PROPERTIES

Extracted from the Particle Listings of the
Review of Particle Physics
K. Nakamura et al. (Particle Data Group), JP G 37, 075021 (2010)
Available at http://pdg.1bl.gov

@Regents of the University of California
(Approximate closing date for data: January 15, 2010)

GAUGE AND HIGGS BOSONS
10PCY =011 )

Mass m < 1 x 10718 ev
Chargeg< 1x1073% ¢
Mean life 7 = Stable

g

or gluon I(JP) =0017)

Mass m = 0 [a]
SU(3) color octet

m J=1

Charge = £1e

Mass m = 80.399 + 0.023 GeV
mz — My = 10.4 + 1.6 GeV
My — My— = =024 0.6 GeV
Full width I' = 2.085 = 0.042 GeV
(N_1)=1570+0.35

(Ny=) =220 +0.19

(Np) =0.92 + 0.14

(Neharged) = 19.39 4 0.08

W™ modes are charge conjugates of the modes below.

p
wt DECAY MODES Fraction (T';/T) Confidence level (MeV/c)
ty [b] (10.80+ 0.09) % -
ety (10.75+ 0.13) % 40199
wtv (10.57+ 0.15) % 40199
v (11.25+ 0.20) % 40180
hadrons (67.60+ 0.27) % -
aty < 8 x 107 95% 40199
Dy < 13 x 1073 95% 40175
cX (334 +£ 26 )% -

€S Er B )% -

invisible [c] (14 £29)% -




Gauge & Higgs Boson Summary Table 9

J=1
Charge = 0
Mass m = 91.1876 =+ 0.0021 GeV (]
Full width ' = 2.4952 £ 0.0023 GeV
[(ete~) = 83.984 + 0.086 MeV [f]
I (invisible) = 499.0 + 1.5 MeV [€]
I (hadrons) = 1744.4 £ 2.0 MeV
M(ut ) /T (et e) = 1.0009 £ 0.0028
F(rtr-)/r(ete) = 1.0019 £ 0.0032 ']

Average charged multiplicity

(Neharged) = 20.76 £ 0.16 (S = 2.1)

Couplings to leptons

g}, = —0.03783 £ 0.00041
+0.10

g;\’/ - 29—9*_00805

gy = —0.33Tq¢7

g% = —0.50123 £ 0.00026

gA =0 50+8 8‘7l

g4 = —05247453%

g¥t = 0.5008 + 0.0008

g¥e = 0.53 + 0.09

g"l‘ = 0.502 + 0.017

Asymmetry parameters (€]

Ae = 0.1515 + 0.0019
A, = 0.142 + 0.015
A, = 0.143 £ 0.004
As = 0.90 =+ 0.09

Ac = 0.670 = 0.027
Ap = 0.923 £ 0.020

Charge asymmetry (%) at Z pole

(00) _

A(FoB) =1.71+0.10
u
A&B) =4+7
S
A(FOB) =98+ 1.1
c
AFB =7.07 £0.35
Al — 992 4 0.16
Scale factor/ p
Z DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ete~ (13.363 £0.004 ) % 45594
whp~ (3.366 +0.007 )% 45594
rtr- (3.367 +0.008 ) % 45559
Vaw [b] ( 3.36580.0023) % -
invisible (20.00 40.06 )% -
hadrons (69.91 +0.06 )% -
(vt+cc)/2_ (116  +06 )% -
(dd+s5+bb)/3 (156  +04 )% -
cc (12.03 +021 )% -
bb (15.12 £0.05 )% -
bbbb (36 +13 )x1074 -
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l-9:4

TI'O’Y

ny

wy

7'(958)y

7Y

Yy

T WF

pEWF

J/1(1S)X

P(2S)X

Xe1(1P)X

Xc2(1P)X

T(1S) X +T(2S) X
+7(35) X
T(1S)X
T(25)X
T(35)X

(D°/D°) X

D*X

D*(2010)* X

Ds1(2536)* X

D, (2573)E X

D*(2629)*X

BtX

BIX

BfX

ATX

b-baryon X
anomalous v+ hadrons
ete vy
ptpmy
- ¥
00 yy
a9y
vvyy

et uF

et rF
pErF

pe

Pr

LF
LF
LF
LB
LB

< 11
< 52
< 51
< 65
< 42
< 52
< 1.0
< 7
[ < 83
(351 033
(1.60 +0.29
(29 407
< 32
(10 +05
< 44
< 1.39
< 94
(207 +2.0
(122 417
[l (114 +13
(36 +08
(58 +22

searched for
[l (6.08 =+0.13
[ (159 =£013
searched for
(154 4033
seen
seen
[l (138 +0.22
[l < 32
[1 < 52
[l < 56
1< 73
[k] < 68
[K] < 55
[k] < 31
[ < 1.7
[ < 9.8
[ < 12
< 1.8
< 1.8

) %
X 1073
x 10~4
x 10~4
x 10™4
x 1076
x 1076
x 1076
x 1076
x 1076
x 1075
x 1076
x 1076

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%

S=1.1

CL=90%

CL=95%
CL=95%
CL=95%

CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%
CL=95%

45594
45592
45590
45589
45594
45594
10150
10124

Higgs Bosons — HO and H*, Searches for

The limits for H(l) and Ay refer to the mi"® benchmark scenario for the
supersymmetric parameters.

HO® Mass m > 114.4 GeV, CL = 95%

H‘l’ in Supersymmetric Models (qulg <mHg)

Mass m > 92.8 GeV, CL = 95%
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A? Pseudoscalar Higgs Boson in Supersymmetric Models [']
Mass m > 93.4 GeV, CL = 95% tans >0.4
HE Mass m > 79.3 GeV, CL = 95%

See the Particle Listings in the Full Review of Particle Physics for
a Note giving details of Higgs Bosons.

Heavy Bosons Other Than
Higgs Bosons, Searches for

Additional W Bosons

W/’ with standard couplings decaying to ev
Mass m > 1.000 x 103 GeV, CL = 95%

Additional Z Bosons

Z/S,\,I with standard couplings
Mass m > 1.030 x 103 GeV, CL = 95% (pp direct search)
Mass m > 1500 GeV, CL = 95%  (electroweak fit)
ZLR of SU(2)LXSU(2)R><U(1) (With 8L = gR)
Mass m > 630 GeV, CL = 95%  (pp direct search)
Mass m > 998 GeV, CL = 95%  (electroweak fit)
Z, of SO(10) — SU(5)xU(1), (with gy,=e/cosyy)
Mass m > 892 GeV, CL = 95%  (pp direct search)
Mass m > 781 GeV, CL = 95%  (electroweak fit)
Zy of Eg — SO(10)xU(1), (with gy=e/cosbyy)
Mass m > 878 GeV, CL = 95% (pp direct search)
Mass m > 475 GeV, CL = 95%  (electroweak fit)
Zy of Eg — SU(3)xSU(2)xU(1)xU(1), (with g,=e/cosdyy)
Mass m > 904 GeV, CL = 95% (pp direct search)
Mass m > 619 GeV, CL = 95%  (electroweak fit)
Scalar Leptoquarks
Mass m > 299 GeV, CL = 95% (1st generation, pair prod.)
Mass m > 298 GeV, CL = 95% (1st gener., single prod.)
Mass m > 316 GeV, CL = 95% (2nd gener., pair prod.)
Mass m > 73 GeV, CL = 95% (2nd gener., single prod.)
Mass m > 229 GeV, CL = 95% (3rd gener., pair prod.)
(See the Particle Listings in the Full Review of Particle Physics for
assumptions on leptoquark quantum numbers and branching frac-
tions.)

Axions (A%) and Other
Very Light Bosons, Searches for

The standard Peccei-Quinn axion is ruled out. Variants with reduced
couplings or much smaller masses are constrained by various data. The
Particle Listings in the full Review contain a Note discussing axion
searches.

The best limit for the half-life of neutrinoless double beta decay with
Majoron emission is > 7.2 x 10%* years (CL = 90%).
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NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has been
enlarged by the “scale factor” S, defined as S = \/x?/(N — 1), where N is the
number of measurements used in calculating the quantity. We do this when S > 1,
which often indicates that the measurements are inconsistent. When S > 1.25,
we also show in the Particle Listings an ideogram of the measurements. For more
about S, see the Introduction.
A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame.

[a] Theoretical value. A mass as large as a few MeV may not be precluded.

[b] ¢ indicates each type of lepton (e, u, and 7), not sum over them.

[c] This represents the width for the decay of the W boson into a charged
particle with momentum below detectability, p< 200 MeV.

[d] The Z-boson mass listed here corresponds to a Breit-Wigner resonance
parameter. It lies approximately 34 MeV above the real part of the posi-
tion of the pole (in the energy-squared plane) in the Z-boson propagator.

[e] This partial width takes into account Z decays into v7 and any other
possible undetected modes.

[f] This ratio has not been corrected for the 7 mass.

[g] Here A = 2gng/(g2V+g,24).

[h] The value is for the sum of the charge states or particle/antiparticle
states indicated.

[i] This value is updated using the product of (i) the Z —  bb
fraction from this listing and (ii) the b-hadron fraction in an
unbiased sample of weakly decaying b-hadrons produced in Z-
decays provided by the Heavy Flavor Averaging Group (HFAG,
http://www.slac.stanford.edu/xorg/hfag/osc/PDG2009/#FRACZ).

[j] See the Z Particle Listings in the Full Review of Particle Physics for the
~ energy range used in this measurement.

[k] For m.,, = (60 + 5) GeV.

[/] The limits assume no invisible decays.
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LEPTONS
o

Mass m = (548.57990943 + 0.00000023) x 10~° u
Mass m = 0.510998910 =+ 0.000000013 MeV
|mes — mg_|/m< 8x1079 CL =90%
|ge+ + g.-|/e < 4x 1078
Magnetic moment anomaly

(g—2)/2 = (1159.65218073 + 0.00000028) x 10~°
(8e+ — 8e-) / Baverage = (—0.5 +2.1) x 10712
Electric dipole moment d = (0.07 + 0.07) x 10726 ecm
Mean life 7 > 4.6 x 1026 yr, CL = 90% (4]

Mass m = 0.1134289256 4 0.0000000029 u
Mass m = 105.658367 & 0.000004 MeV
Mean life 7 = (2.197034 + 0.000021) x 10~ ®s (S = 1.2)
7,+/7,~ = 1.00002 + 0.00008
cr = 658.654 m
Magnetic moment anomaly (g—2)/2 = (11659209 + 6) x 1010
(glf" - gﬂ,) / Baverage = (—0.11 £ 0.12) x 108
Electric dipole moment d = (—0.1 + 0.9) x 10712 ecm

Decay parameters []
p = 0.7503 + 0.0004
n = 0.057 + 0.034
6 = 0.7504 + 0.0006
¢€P, =1.0007 + 0.0035 []
€PLO/p > 0.99682, CL = 90% €]
¢ =1.00 + 0.04
£ =07+04
af/A=(0+4)x1073
o /A = (—10 4 20) x 1073
B/A = (4+6)x 1073
G/A=(2+7)x1073
7 =0.02 £ 0.08

T modes are charge conjugates of the modes below.

P
p— DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
e Teyy, ~ 100% 53
e Tevyy [d] (14+0.4)% 53
e Doy, ete” le] (3.4+0.4) x 10~2 53
Lepton Family number (LF) violating modes
e Vel LF  [fl<12 % 90% 53
ey LF <12 x 10711 90% 53
e ete LF <10 x 10—12 90% 53

e 2y LF <72 x 10~11 90% 53
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_ 1
J=3

Mass m = 1776.82 + 0.16 MeV
(m_+ — m__)/Mayerage < 2.8 x 1074, CL = 90%
Mean life 7 = (290.6 + 1.0) x 107> s
cr = 87.11 ym
Magnetic moment anomaly > —0.052 and < 0.013, CL = 95%
Re(d,) = —0.22 to 0.45 x 10716 ecm, CL = 95%
Im(d,) = —0.25 to 0.008 x 10716 ecm, CL = 95%

Weak dipole moment

Re(d™) < 0.50 x 10717 ecm, CL = 95%
Im(d") < 1.1x 10717 ecm, CL = 95%

Weak anomalous magnetic dipole moment

Re(a) < 1.1x 1073, CL = 95%
Im(a¥) < 2.7 %1073, CL = 95%

Decay parameters

See the 7 Particle Listings in the Full Review of Particle Physics for a
note concerning T-decay parameters.

p(e or p) = 0.745 + 0.008
p(e) = 0.747 =+ 0.010

p(p) = 0.763 £ 0.020

£(e or p) = 0.985 + 0.030
&(e) = 0.994 + 0.040

&(p) = 1.030 £+ 0.059

n(e or u) = 0.013 + 0.020
n(u) = 0.094 £+ 0.073

(8¢)(e or p) = 0.746 + 0.021
(0¢)(e) = 0.734 £ 0.028
(0€)(u) = 0.778 £ 0.037
£(r) = 0.993 4 0.022

£(p) = 0.994 + 0.008

£(ay) = 1.001 £ 0.027

&(all hadronic modes) = 0.995 + 0.007

71 modes are charge conjugates of the modes below. “hE" stands for 7F or

K*.

“¢" stands for e or . “Neutrals” stands for 4’s and/or 0.

Scale factor/

885
885
888
888
883
883
883

7~ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Modes with one charged particle
particle™ > 0 neutrals > 0K%v, (85.3640.08) % $=1.3
(“1-prong”)
particle™ > 0 neutrals > OKE vy (84.72+0.08) % S=1.4
T2 lg] (17.36+0.05) %
W Tuvry le] (3.6 £0.4 )x103
e Vels [g] (17.85+0.05) %
€ Vel [e] ( 1.754+0.18) %
h= > 0KY v, (12.13+0.07) % s=1.1
h~ v, (11.614+0.06) % S=1.1
T v, lg] (10.91+0.07) % s=1.1

K v,

lg] ( 6.96+0.23) x 10~3 S=1.1

820
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T T Vp
7~ 7%non-p(770) v,
K 7n'v,
h= > 270 v,
h=2r0u,
h= 2790 (ex.K©)
72791, (ex.KO?)
7~ 2n0, (ex.KO),
scalar
7~ 2n0v, (ex.KD),
vector
K= 270, (ex.K?)
h~ > 370 vy
h= > 370, (ex. KO)
h=3n0u,
7~ 310, (ex.K?)

K= 310, (ex.K9, n)

h= 479 (ex.KO)
h= 470 (ex.K9,n)
K= >01% >0K? >0y v,
K= >1(x%or KO or~) v,

8]

8]

8]

lg]

8]
8]

8]

(37.0640.10) %
(36.54£0.11) %
(25.9440.09) %
(25.514£0.09) %
(3.0 £32)x1073
( 4.29+0.15) x 10—3
(10.85+0.12) %
(9.514£0.11) %
(9.354+0.11) %
(19.29+0.11) %
<9 x 1073

< 7 x 1073

(65 +23)x10"4
( 1.3440.07) %
( 1.254+0.07) %
( 1.1840.08) %
( 1.0440.07) %
(49 +23)x1074
(15 +0.4 )x1073
(1.1 +0.4 )x1073
( 1.5740.04) %
( 8.72+0.32) x 1073

Modes with K%'s

K (particles) ™ v,
h’WOL/T
7~ KOy,

7~ K% (non-K*(892) ) v,

K=K,
K= K% > 0n0u,
h~ K70y,

7 KOr0 Vr

Kop~ v,

K=KOn0u,_
7~ KO > 170 vy
W—ROWOWOVT
K= KO7070,,
7 KOKOy,

T Kg K%I/T

™ KYK] v,
7 KOKO70y,

T K% K%TFOZ/T

T Kg K?T(O vy

KOht h=h~ > 0 neutrals v,
Kohth=h= v,

8]

lg]

lg]

l&]

8]
lg]

(92 £0.4 ) x103
( 1.0040.05) %
(84 £0.4)x1073
(54 +21)x1074
( 1.5940.16) x 1073
( 3.18+0.24) x 1073
(55 +0.4 )x1073
(4.0 £0.4 )x103
(22 +05)x1073
( 1.59+0.20) x 103
(32 £1.0)x1073
(2.6 +2.4 )x1074
< 16 x 1074
(17 £0.4 )x103
(2.4 £05 ) x1074
(1.2 £0.4 )x 1073
(31 +£23)x1074
< 20 x 104
(31 +12)x1074
< 17 x 1073
(23 +20)x1074

Modes with three charged particles

h=h=h* >0 neutrals > 0K9 v,

h=h=ht >0 neutrals v,
(ex. KOS — 7ta7)
(“3-prong”)

h=h= ht v, (ex.K%w)

(15.19+0.08) %
(14.56+0.08) %

( 9.8040.08) %
( 9.46+0.07) %
( 9.4240.07) %

S=1.2
S=1.2
S=1.1
S=1.1

S=1.3
S=1.2
S=1.2
S=1.2
CL=95%

CL=95%

S=1.1
S=1.1

S=1.1
S=1.1

S=1.5
S=1.8
S=2.1

S=1.4
S=1.3

S=1.4
S=1.3
S=1.3

878
878
878
814

862
862
862
862

862

796

836
836
765
800
800
820

812
812
812
737
737
794
794
612
685

763
619
682
682
682
614
614
614
760
760

861
861

861
861
861
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“rtwT vy
“rt v, (ex.KO)
+
0

300

“rtru, (ex.KO),

n-axial vector

T vy (ex. KOw)
—ht > 1 neutrals v,
7h+ > 171' l/.,.(ex. K9)

:-:-:q:s

T
h~
h~

3‘:‘2‘
:“:‘
+
3
O
~F
—
[¢)
X
X
o
N

+
-t
—at 71'0 vy (ex.KOw)

h=ht > 2700 (ex. K9)
~h=ht 270,

h=ht 2700 (ex.K?)

~h~ ht 270 vy (eX.KO,w,n)
h=h=ht3a00,
K~ hth™ >0 neutrals v,
K= ht 7= v, (ex.KO)
K~ h+7r 10u, (ex.K9)
K~ 71'_ > 0 neutrals v,
K=ntr™ > 0n0u, (ex.KO)

:r:l-:~=‘~=|>l=|=~:r:r
3

=\=1

“atru,
at v (ex.K9)
A, — K atr v,
s T Vr
v, (ex.K9)
m0u, (ex.K%n)
T 01/7.(exK W)
K—nt K~ >0 neut. v,
K~ Kt7~ >0 neut. v,
K=KTn~ v,
K-KTr=7r0u,
K=Kt K~ >0 neut. v,
K- Kt K~ u,
K=K+ K~ v, (ex. ¢)
K= KtK= 7m0,
7~ Kt7n~ >0 neut. vy
e~ e et T,
pe ety

OOO

s

XXXT\XXX

o

Tl'+‘ﬂ'
+7T
+7T

8]

[

X,

8]

sl

8]

lg]

lg]
8]

(19.3240.07) %
( 9.0340.06) %
< 24 %

( 9.0040.06) %

( 5.3840.07) %

( 5.0840.06) %

( 4.7540.06) %

( 4.5640.06) %

( 2.7940.08) %

( 4.6140.06) %

( 4.4840.06) %

( 2.7040.08) %

( 5.1840.33) x 103

( 5.060.32) x 103

( 4.95+0.32) x 103

(10 +4 )x1074

(23 £07 )x1074

( 6.24+0.24) x 103

( 4.274+0.20) x 10~3

(87 +1.2 )x1074

( 4.78+0.21) x 103

( 3.68+£0.20) x 103

( 3.4240.17) x 1073

( 2.87+0.16) x 10~3

(1.4 £05)x103

( 1.36+0.14) x 10~3

(81 +1.2)x1074

(77 £1.2 )x1074

(3.7 £0.9 )x 1074
<9 x 104

( 1.46+0.06) x 10~3

( 1.40+0.05) x 10~3
(61 £25)x107°
< 21 x 1073
( 1.58+0.18) x 107>
< 25 x10~6
< 48 x10~©
< 25 x 1073
(28 +1.5)x107°
< 3.6 x 1073

Modes with five charged particles

3h~2h* >0 neutrals v,
(ex. K — 7= at)
(“5-prong”)

3h=2ht v, (ex.K?)
3h=2ht 70u, (ex.KO)
3h=2ht 270,

8]
lg]

( 1.02+0.04) x 10~3

( 8.39+0.35) x 1074
(1.78+0.27) x 10~4
< 34 x 1076

Miscellaneous other allowed modes

(57)" v,
4h~3hT > 0 neutrals v,
(“7-prong”)
4h=3htu,
4h=3ht0p_

(76 £05)x1073

< 3.0 x10~7
< 43 x10~7
< 25 x10~7

S=1.2
S=1.2
CL=95%

S=1.2
S=1.2
S=1.1
S=1.2
S=1.2
S=1.2
S=1.1
S=1.2
S=1.2

5=1.3
S=1.5
5=2.4
S=1.1
S=1.3
S=1.4
S=1.8
S=2.1

CL=95%
S=1.6
S=1.7
S=1.4

CL=95%

CL=90%

CL=90%

CL=95%

CL=90%

S=1.1

S=1.1

CL=90%

CL=90%

CL=90%
CL=90%

861
861
861

861

834
834
834
834
834
834

797
797
797
749
794
794
763
794
794
794
794

763
763
763
763
685
685
685
618
471
471

345
794
888
885

794

794
746
687

800
682

682
612
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X~ (S=-1)v,
K*(892)~ > 0 neutrals >
OK? vy
K*(892)" v
K*(892)~ v, — 7~ Klu;
K*(892)° K~ > 0 neutrals v,
K*(892)° K~ v,
K*(892)0 7~ > 0 neutrals v,
K*(892)° 7~ v,
(K*(892)7)" vy — 7~ KOx0u,
K1(1270) v,
K1(1400) v,
K*(1410)" v,
K§(1430)~ v,
K3(1430)" v,
nmwo vy
nmwo 70 2%
nmw- 7070 vy
nK~ vy
nK*(892)" v,
nK- v,
n K~ 70 (non-K*(892)) v,
n?o T Uy
7/?0 =70 Vr
nK= K%,
nrt =7~ >0 neutrals v,
-t r v, (ex.K9)
na1(1260)" v, — na~ pPOv,
T v,
nnr~ mlv,
K~ vy
7'(958) 7~ v,
7 (958) 7~ 70 v,
o vr
6K~ v,
f(1285) 7~ v
f(1285) 7" v, —
nmw- ata~ Vr
m(1300)" vy — (pm)” vy —
(Bm) vy
©(1300)" v, —
((m7)s—wave ™)~ vy —
Bm)y" v,
h~w > 0 neutrals v,
h~wy,
K- wr,
h~wrlu,
h~w2r%u,
h™2wuv,
2h~ htwy,

8]

8]

lg]

lg]

( 2.86+0.07) % s=1.3
( 1.42£0.18) % S=1.4
( 1.20£0.07) % S=1.8
(78 £05)x1073
(32 +1.4 )x1073
(21 +0.4 )x103
(38 £1.7 )x103
(22 +05)x1073
(1.0 £0.4 ) x 1073
(47 +1.1)x1073
(1.7 +2.6 )x1073 S=1.7
(15 T13 )x1073
<5 x 104 CL=95%
< 3 x 1073 CL=95%
< 1.4 x 104 CL=95%
( 1.3940.10) x 10~3 S=1.4
(1.5 +£05 ) x 104
(1.61+0.11) x 1074 S=1.1
( 1.38+0.15) x 1074
(48 1.2 )x107°
< 35 x 1075 CL=90%
(93 +£1.5)x107°
< 5.0 x 1075 CL=90%
< 9.0 x10~6 CL=90%
< 3 x10~3 CL=90%
( 1.64£0.12) x 10~4
< 39 x 1074 CL=90%
< 74 x 1076 CL=90%
< 20 x 1074 CL=95%
< 30 x 1076 CL=90%
< 72 x 106 CL=90%
< 80 x 1073 CL=90%
(3.4 +£06 )x1075
(3.70+0.33) x 1075 S=1.3
(3.6 £0.7 )x 1074
( 1.114+0.08) x 104
< 1.0 x 104 CL=90%
< 19 x 1074 CL=90%
( 2.414£0.09) % S=1.2
( 1.99+0.08) % S=1.3
(41 £0.9)x10~4
(41 +04 )x103
(1.4 £05 ) x 1074
< 54 x 1077 CL=90%

(1.2040.22) x 10~4

665

665

542
542
655
655

433
335

326

317
316
797
778
746
719
511
665

661
590
430
743
743

637
559
382
620
591
585
445
408

708
708
610
684
644
249
641
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Lepton Family number (LF), Lepton number (L),

or Baryon number (B) violating modes

L means lepton number violation (e.g. 7~ — etx—x).
common usage, LF means lepton family violation and not lepton number
violation (e.g. 7~ — e~ 7T ™). B means baryon number violation.

o

53 02

o

|
X X
oo

XE€E TS S

*(892)0

~ K*(892)°

~K*(892)°

- K*(892)0

e~ 1/(958)

1 7' (958)

e~ (980) — e~ 7wt
p(980) — pmat A

DTE O O O ®E DR ®E @
|

LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
L

LF
L

LF
LF
L

LF
LF
L

LF
LF
L

LF
LF
L

LF
LF
LF
LF
LF

ANANNNANNNANNNNNNANNNNANNNNANNANNNANNANANANANANNNANNANNNNANNNNNNANNANNNNANNNNNNNNANNA

3.3
4.4
8.0
11
3.3
4.0
9.2
6.5
46
2.6
11
8.9
5.9
5.9
46
7.3
1.6
13
3.2
3.4
3.1
13
3.6
3.7
2.3
2.7
2.0
3.2
4.4
8.8
3.3
3.7
5.8
5.2
6.7
2.2
5.4
6.0
1.6
1.0
9.4
3.4
6.8
9.6
6.5
1.4
3.5
6.0
2.4

x 108
x 108
x 108
x10~7
x 108
x 108
x 108
x 108
x 108
x 108
x10~7
x 108
x10~8
x 108
X 1078
x 108
x10~7
x10~7
X 1078
x10—8
x 108
x10~7
x 108
x10—8
x 108
x 108
x 108
x10—8
x10~8
x 108
X 1078
x 108
x 108
X 1078
x10—8
x 1076
x 108
x 108
x10~7
x10~7
x 108
x 1076
x10~8
X 1078
x 1076
x 1075
x 107
x 1075
x 1073

Following

CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%
CL=90%

888
885
883
880
819
815
804
800
719
715
716
711
665
659
665
659
630
625

596
590
888
882
882
885
885
873
877
877
866
866
813
813
813
736
738
738
800
800
800
696
699
699
878
867
699
653
798
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wo 70 n LF < 22 x 1079 CL=90%
Py LB < 35 x1076  CcL=90%
pro LB < 15 x 1075 CL=90%
p2nr0 LB < 33 x 1075 CL=90%
PN LB < 89 x1076  CcL=90%
prln LB < 27 x1075  CL=90%
Am™ LB < 72 x 108 CL=90%
Ar~ LB < 14 x 1077 CL=90%
e~ light boson LF < 27 x 1073 CL=95%
u~ light boson LF <5 x 1073 CL=95%

784
641
632
604
475
360
525
525

Heavy Charged Lepton Searches

LE — charged lepton
Mass m > 100.8 GeV, CL = 95% ("l Decay to v W.

LE — stable charged heavy lepton
Mass m > 102.6 GeV, CL = 95%

Neutrino Properties

See the note on “Neutrino properties listings” in the Particle Listings.
Mass m < 2 eV (tritium decay)
Mean life/mass, 7/m > 300 s/eV, CL = 90% (reactor)
Mean life/mass, 7/m > 7 x 10° s/eV  (solar)
Mean life/mass, 7/m > 15.4 s/eV, CL = 90%  (accelerator)
Magnetic moment 1 < 0.54 x 10710 g, CL = 90%  (solar)

Number of Neutrino Types

Number N = 2.984 + 0.008 (Standard Model fits to LEP data)
Number N =292 + 0.05 (S =1.2) (Direct measurement of
invisible Z width)

Neutrino Mixing

The following values are obtained through data analyses based on
the 3-neutrino mixing scheme described in the review “Neutrino
Mass, Mixing, and Oscillations” by K. Nakamura and S.T. Petcov
in this Review.

sin?(2615) = 0.87 + 0.03

Am2; = (7.59 + 0.20) x 1075 eV?

sin2(2053) > 0.92 1

Am2, = (2.43 £ 0.13) x 1073 ev2 Ul

sin?(2013) < 0.15, CL = 90%
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Heavy Neutral Leptons, Searches for

For excited leptons, see Compositeness Limits below.
Stable Neutral Heavy Lepton Mass Limits
Mass m > 45.0 GeV, CL =95% (Dirac)
Mass m > 39.5 GeV, CL = 95% (Majorana)
Neutral Heavy Lepton Mass Limits
Mass m > 90.3 GeV, CL = 95%
(Dirac vy coupling to e, u, 7; conservative case(7))
Mass m > 80.5 GeV, CL = 95%
(Majorana v coupling to e, p, T; conservative case(r))

NOTES
In this Summary Table:
When a quantity has “(S = ...)" to its right, the error on the quantity has been
enlarged by the “scale factor” S, defined as S = /x2/(N — 1), where N is the
number of measurements used in calculating the quantity. We do this when S > 1,
which often indicates that the measurements are inconsistent. When S > 1.25,
we also show in the Particle Listings an ideogram of the measurements. For more
about S, see the Introduction.
A decay momentum p is given for each decay mode. For a 2-body decay, p is the
momentum of each decay product in the rest frame of the decaying particle. For a
3-or-more-body decay, p is the largest momentum any of the products can have in
this frame.

[a] This is the best limit for the mode e~ — v~. The best limit for “electron
disappearance” is 6.4 x 1024 yr.

[b] See the “Note on Muon Decay Parameters” in the p Particle Listings in
the Full Review of Particle Physics for definitions and details.

[c] P, is the longitudinal polarization of the muon from pion decay. In
standard V—A theory, P, = 1 and p = § = 3/4.

[d] This only includes events with the  energy > 10 MeV. Since the e~ Ve v,

and e~ Vev,y modes cannot be clearly separated, we regard the latter
mode as a subset of the former.

[e] See the relevant Particle Listings in the Full Review of Particle Physics
for the energy limits used in this measurement.

[f] A test of additive vs. multiplicative lepton family number conservation.

[g] Basis mode for the 7.

[h] L* mass limit depends on decay assumptions; see the Full Listings.

[/] The limit quoted corresponds to the projection onto the sin%(26,3) axis
of the 90% CL contour in the sin?(203)—Am3, plane.

[/] The sign of Am%2 is not known at this time. The range quoted is for
the absolute value.
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QUARKS

The u-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as MS
at a scale © ~ 2 GeV. The ¢- and b-quark masses are the “running”
masses in the MS scheme. For the b-quark we also quote the 1S
mass. These can be different from the heavy quark masses obtained
in potential models.

[¥] 1UP) = 33H)
my = 1.7-3.3 MeV Charge=2¢ [, =+3
my/mg = 0.35-0.60

[4] I0P) = 3(4H)

mg = 4.1-5.8 MeV Charge = 7% e I, =-
mg/mg = 17 to 22
m= (my+mg)/2 = 3.0-4.8 MeV

|E| 1(JP)

ms = 10112 MeV  Charge = —3 e Strangeness = —1
ms [/ ((my + mg)/2) = 22 to 30

1UP) = o5 ™)

me = 1277397 Gev Charge = 3 e  Charm = +1

[¢] I0P) = o)

Charge = —% e Bottom = —1

N =

Il

0

mp(MS) = 4.197 328 Gev
mp(1S) = 4.677338 Gev
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[t] 1UP) = 0(3%)

Charge = % e Top = +1

Mass m = 172.0 + 0.9 + 1.3 GeV [4] (direct observation of top
events)

Full width ' < 13.1 GeV, CL = 95%

r(Wb)/T(Wq(qg = b, s, d)) =0.99+3:02

p
t DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Waq(q =b,s,d) -
Wb -
Lvpanything [bec] (9.4+2.4) % -
vq(g=u,c) [d] < 5.9 x 1073 95% -

AT =1 weak neutral current (71) modes
Zq(g=u,c) T1 [e] < 3.7 % 95% -

b’ (4" Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95%  (pp, quasi-stable b’)
Mass m > 199 GeV, CL = 95%  (pp, neutral-current decays)
Mass m > 128 GeV, CL = 95%  (pp, charged-current decays)
Mass m > 46.0 GeV, CL = 95% (et e, all decays)

t' (4*" Generation) Quark, Searches for

Mass m > 256 GeV, CL = 95% (pp, t't’ prod., t' — Wq)

Free Quark Searches

All searches since 1977 have had negative results.

NOTES

[a] Based on published top mass measurements using data from Tevatron
Run-I and Run-Il. Including also the most recent unpublished results from
Run-II, the Tevatron Electroweak Working Group reports a top mass of
173.1 = 0.6 + 1.1 GeV. See the note “The Top Quark’ in the Quark
Particle Listings of this Review.

[b] ¢ means e or p decay mode, not the sum over them.

[c] Assumes lepton universality and W-decay acceptance.

[d] This limit is for T'(t — ~q)/T(t — Wb).

[e] This limit is for T'(t — Zq)/T(t — Wb).
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LIGHT UNFLAVORED MESONS
(S=C=B=0)

For | =1 (m, b, p, a): ud, (uﬂ—dﬁ)/\/i_, du;
for =0 (n 7, h H,w, ¢ f, ) c(uT + dd) + ¢(s3)

r* 16(Py=17(07)
Mass m = 139.57018 + 0.00035 MeV (S = 1.2)
Mean life 7 = (2.6033 + 0.0005) x 1078 s (S=1.2)
cr =7.8045 m
7t — *y form factors [?]
Fy = 0.0254 £+ 0.0017
Fa = 0.0119 £+ 0.0001
Fy, slope parameter a = 0.10 £ 0.06
— +0.009
R =10.059Z¢'008
7~ modes are charge conjugates of the modes below.
For decay limits to particles which are not established, see the section on
Searches for Axions and Other Very Light Bosons.

P
=+ DECAY MODES Fraction (T';/T) Confidence level (MeVjc)
ut Yy [b]  (99.98770+0.00004) % 30

v,y [l (200 +025 )x10—4 30
etve [b] (1230 +0.004 )x10~4 70
etvey [l (739 +£005 )x10=7 70
et ven? (1.036 +£0.006 )x 10~8 4
etveete™ (32 +05 )x107? 70
etvevm <5 x 1076 90% 70
Lepton Family number (LF) or Lepton number (L) violating modes
utve L [d < 15 x1073  90% 30
utve LF  [d < 80 x 1073 90% 30
pu-etety LF < 16 x 1076 90% 30
0 0P =170~ 1)
Mass m = 134.9766 + 0.0006 MeV (S = 1.1)
m_. —m_o = 45936 + 0.0005 MeV
Mean life 7 = (8.4 £ 0.5) x 10717 s (S = 2.6)
cr =25.1nm
For decay limits to particles which are not established, see the appropriate
Search sections (AO (axion) and Other Light Boson (XO) Searches, etc.).
Scale factor/ p
70 DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
2~ (98.82340.034) % S=15 67
ete vy ( 1.174+0.035) % S=1.5 67
~positronium (1.82 £029 )x 1072 67
etete e (3.34 £0.16 ) x 1072 67
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ete™ (646 +£0.33 ) x 108 67
4y < 2 x 1078  CL=90% 67
7 le] < 27 x 107 CL=90% 67
VeTe < 17 x 1076 CL=90% 67
V7, < 16 x107%  CL=90% 67
7 < 21 x 1076 CL=90% 67
2 < 6 x 104 CL=90% 67
Charge conjugation (C) or Lepton Family number (LF) violating modes
3y c < 31 x 1078  CL=90% 67
pte= LF < 38 x 10710 cL=90% 26
p-et LF < 34 x1079  CL=90% 26
pte™ + p~et LF < 36 x 10710 cL=90% 26
/G(JPC):O-%-(O*-F)
Mass m = 547.853 + 0.024 MeV
Full width ' = 1.30 4+ 0.07 keV
C-nonconserving decay parameters
+a= 70 left-right asymmetry = (0.097:8:%) x 1072
mta~m0  sextant asymmetry = (0.127319) x 1072
ata— 70 quadrant asymmetry = (—0.09 £ 0.09) x 102
ata™~  left-right asymmetry = (0.9 + 0.4) x 1072
ata~y B (D-wave) = —0.02 4+ 0.07 (S =1.3)
CP-nonconserving decay parameters
7+ 7~ et e decay-plane asymmetry Ay = (—0.6 & 3.1) x 1072
Dalitz plot parameter
07070 @ = -0.0317 + 0.0016
Scale factor/ p
n DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
Neutral modes
neutral modes (71.90+0.34) % S=1.2 -
2y (39.3140.20) % s=1.1 274
30 (32.57+£0.23) % S=11 179
702y (27 +05)x 1074 S=11 257
2702y < 12 x1073  CL=90% 238
4y < 28 x 1074 CL=90% 274
invisible < 6 x 104 CL=90% -
Charged modes
charged modes (28.104+0.34) % S=1.2 -
ata— a0 (22.74£0.28) % $=1.2 174
atay ( 4.60+0.16) % S=2.1 236
ete (7.0 £0.7 ) x 1073 S=1.5 274
whpu=~y (31 £04 )x10~4 253
ete < 27 x 1075 CL=90% 274
wtp™ (58 £0.8 )x10° 253
2et2e~ < 69 x 1075 CL=90% 274
ataete () ( 2.68+0.11) x 10~4 235
eteputp” < 16 x 1074 CL=90% 253
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outop~ < 36 x 1074 CL=90% 161
whtp=—ntr— < 36 x 1074 CL=90% 113
atm= 2y < 20 x 1073 236
ata= a0y <5 x1074  CL=90% 174
Oty <3 x1076  CL=90% 210
Charge conjugation (C), Parity (P),
Charge conjugation x Parity (CP), or
Lepton Family number (LF) violating modes
w0y c <9 x1075  CL=90% 257
Tt~ P,CP < 13 x 1075 CL=90% 236
270 P,CP < 35 x1074  CL=90% 238
270~ f <5 x10~4%  CL=90% 238
30 c < 6 x 1075 CL=90% 179
3y c < 16 x 1075 CL=90% 274
470 P,CP < 69 x1077  CL=90% 40
nlete~ c fl< a x1075  CL=90% 257
a0t f < 5 x1076  CL=90% 210
phe™ + pmet LF < 6 x1076  CL=90% 264
lg]
fb(600) IG(JPC) — 0+(0 + +)
oro
Mass m = (400-1200) MeV
Full width ' = (600-1000) MeV
fp(600) DECAY MODES Fraction (I';/T) (MeV/c)
T dominant -
vy seen -
p(770) 1" 16UPC =1t =)
Mass m = 775.49 + 0.34 MeV
Full width ' = 149.1 + 0.8 MeV
Mee = 7.04 % 0.06 keV
Scale factor/ p
p(770) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
T ~ 100 % 363
p(770)% decays
ntn ( 45 +05 ) x 10—4 5=2.2 375
iy < 6 x 1073 CL=84% 153
atatr— a0 < 20 x 1073 CL=84% 254
p(770)° decays
atay (99 +16 )yx 1073 362
70 ( 6.0 £0.8 )y x 10~4 376
ny ( 3.00£0.20 yx 1074 194
070 ( 45 +038 ) x 10~5 363
whp~ [l ( 455+0.28 ) x 10~5 373
ete™ [l ( 472+0.05 ) x 1075 388
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atr— 0 ( 1.01+558£0.34) x 1074 323
ata ntn— ( 1.8 £0.9 ) x 1075 251
atr 7070 ( 1.6 +038 ) x 10~5 257
mOete” < 12 x 1075 CL=90% 376
w(782) 1GUPC =01~ )

Mass m = 782.65 + 0.12 MeV (S = 1.9)

Full width ' = 8.49 + 0.08 MeV

[ee = 0.60 £ 0.02 keV

Scale factor/ p
w(782) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
atr— 0 (89.2 £0.7 ) % 327
70y ( 8.28£0.28) % s=21 380
ata~ (153701 % S=1.2 366
neutrals (excludingm®~) (8 T8 )x10-3 s=1.1 -
ny (46 £0.4 )x10~4 S=1.1 200
nlete (7.7 £0.6 ) x 1074 380
Ot p (13 +£04)x1074 s=21 349
ete™ ( 7.284+0.14) x 1073 s=1.3 391
ata— 7070 < 2 x1074  CL=90% 262
atry < 36 x 1073 CL=95% 366
ata ntr— <1 x 1073 CL=90% 256
7070 (66 £1.1)x10-5 367
nnly < 33 x1075  CL=90% 162
whp~ (9.0 £3.1)x1073 377
3y < 19 x10~4 CL=95% 391
Charge conjugation (C) violating modes
nn® c < 21 x107%  CL=90% 162
270 c < 21 x1074  CL=90% 367
3n0 c < 23 x10~4  CL=90% 330
7'(958) 16UPC) =00~ )
Mass m = 957.78 + 0.06 MeV
Full width ' = 0.194 + 0.009 MeV
p
1/(958) DECAY MODES Fraction ([';/T) Confidence level (MeV/c)
atr™n (432 £0.7 )% 232
p%~ (including non-resonant (29.3 £0.5 )% 165
mt )

7070 (21.7 £0.8 )% 239
wy (2.75+0.22) % 159
vy ( 2.2240.08) % 479
370 (1.68+0.22) x 1073 430
whu=y ( 1.0940.27) x 10~4 467
ata ptp~ < 22 x 1074 90% 401
at a0 (36 T3 )yx1073 428
70 p0 < 4 % 90% 111
2nt ) < 24 x 1074 90% 372
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ata= 270 < 25 x 103 90% 376
2(7F 77) neutrals <1 % 95% -
2(rt )70 < 19 x 1073 90% 298
2(rt 7)) 200 <1 % 95% 197
3(rt7) <5 x 10~4 90% 189
ataete (24 T13)x1073 458
yete~ < 9 x 10~4 90% 479
Oy < 8 x 1074 90% 469
470 <5 x 104 90% 380
ete < 21 x 107 90% 479
invisible <9 x 104 90% -
Charge conjugation (C), Parity (P),
Lepton family number (LF) violating modes
ata~ p.cP < 29 x 1073 90% 458
7070 p,cP < 10 x 103 90% 459
nlete~ c fl< 14 x 103 90% 469
nete~ c [fl < 2.4 x 1073 90% 322
3y c < 1.0 x 104 90% 479
ptp=a® c [l < 6.0 x 1075 90% 445
ptumn c [fl1< 15 x 1075 90% 273
eu LF < 47 x 1074 90% 473
fo(980) U1 16(JPC) =0t + )
Mass m = 980 + 10 MeV
Full width T = 40 to 100 MeV
f5(980) DECAY MODES Fraction (I';/T) (MeV/c)
T dominant 471
KK seen +
Yy seen 490
a9(980) 11 16UPCy = 1—(0++)
Mass m = 980 £ 20 MeV
Full width ' = 50 to 100 MeV
ap(980) DECAY MODES Fraction (I';/T) (MeV/c)
nm dominant 319
KK seen +
el seen 490
#(1020) 16UPCY =0—(1— )
Mass m = 1019.455 + 0.020 MeV (S = 1.1)
Full width I' = 4.26 &+ 0.04 MeV (S = 1.4)

Scale factor/ p
¢(1020) DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
KT K~ (489 £05 )% S=1.1 127
K9 kY (342 0.4 )% s=1.1 11